We report on the measurement of the beam asymmetry for the reactions γ p → pη and γ p → pη from the GlueX experiment using an 8.2-8.8-GeV linearly polarized tagged photon beam incident on a liquid hydrogen
target in Hall D at Jefferson Laboratory. These measurements are made as a function of momentum transfer −t with significantly higher statistical precision than our earlier η measurements and are the first measurements of η in this energy range. We compare the results to theoretical predictions based on t-channel quasiparticle exchange. We also compare the ratio of η to η to these models as this ratio is predicted to be sensitive to the amount of ss exchange in the production. We find that photoproduction of both η and η is dominated by natural parity exchange with little dependence on −t. DOI: 10.1103/PhysRevC.100.052201
Photoproduction of η and η mesons has been important in the search for isospin 1 2 baryon resonances with both cross section and spin observables providing input in this endeavor. In the nucleon resonance region, the s-channel baryon production is mixed with t-channel Reggeon exchange, whereas at high energy (above 7 GeV), reactions are dominated by the t-channel contributions [1, 2] . Of particular interest in the high-energy region is the photon beam asymmetry , measured using linearly polarized photons. This observable is sensitive to the naturality of the exchange particle [3] , and a determination of the beam asymmetries for the η and η ( η and η , respectively) at high energy directly constrains these same contributions at lower energies. Although η and η provide valuable information on their own, the ratio of the two can shed light on the contributions of hidden strangeness exchange (ss states, such as the φ and h 1 ) and axial vector meson (b and h) exchange [4] .
There is substantial literature of photon beam asymmetry measurements for the η below 4-GeV beam energies [5] [6] [7] [8] [9] [10] [11] . A more limited set of η measurements exists in the same energy region [11, 12] , however, only one measurement of η above 7 GeV exists [13] .
In this Rapid Communication, we extend our earlier measurement of the linearly polarized photon beam asymmetry of the η meson [13] in γ p → pη with more precise measurements. We also report the first measurement of the beam asymmetry of the η photoproduction in the photon energy range of 8.2-8.8 GeV (flux-averaged beam energy is 8.5 GeV). These data have been acquired during the first dedicated physics running of GlueX in Hall D of the newly upgraded Continuous Electron Beam Accelerator Facility (CE-BAF) at Jefferson Laboratory. They represent an integrated luminosity of 20.8 pb −1 collected at a beam pulse repetition rate of 250 MHz in GlueX.
Tagged photons are produced through the processes of bremsstrahlung and coherent bremsstrahlung by passing the 11.6-GeV CEBAF electron beam through an aligned 50-μm-thick diamond radiator and measuring the energy of each recoil electron using a highly segmented hodoscope, which covers the 8.2-8.8-GeV energy range of the coherent bremsstrahlung peak and allows us to determine each photon's energy with an accuracy of ≈10 MeV. Four orientations of the diamond radiator are used to produce two sets of orthogonal linear polarizations, one set parallel and perpendicular to the laboratory floor (referred to as "0/90"), and a second set, rotated by 45 • from the first ("−45/45"). About 10% of the data have been collected using a 30-μm-thick aluminum radiator, whereas the remaining data are equally divided among the four diamond orientations. Data were taken by cycling through each of the five configurations with about 2 h of data collection in each configuration per cycle.
The produced photons travel 75 m before passing through a 5-mm diameter collimator, which removes off-axis photons from the beam. This enhances the fraction of coherently produced photons, yielding a photon beam with peak linear polarization of 40% as shown in Fig. 1 . The energy and flux of the photon beam are measured by a pair spectrometer [14] , which detects pair production of e + e − in a 75-μm-thick beryllium converter. The polarization of the photons is measured using a triplet polarimeter [15] using the process γ e − → e − e + e − . The high-energy pair is measured in the pair spectrometer, whereas the low-energy recoil electron is detected in a 1-mmthick silicon detector. The photon polarization P γ is obtained from the azimuthal angular distribution φ e of the low-energy electron via
where φ γ is the orientation of the linear polarization and λ is the analyzing power, which is fully determined by quantum electrodynamics. The measured linear polarization as a function of the photon energy is shown for each of the four diamond orientations in Fig. 1 . The average polarization in each orientation is determined from the average of measurements in the coherent peak region, weighted by the beam energy distribution for reconstructed η or η events. The statistical uncertainties of the average polarizations are driven by the yield of triplet production events in the data sample, whereas the systematic uncertainty in the design and operation of the triplet polarimeter is 1.5% [15] . This uncertainty contributes to the overall relative uncertainty of 2.1% discussed later.
The GlueX detector is nearly hermetic and azimuthally symmetric and is optimized for a fixed target photoproduction experiment. It is based on an ∼4-m-long superconducting solenoid magnet that produces an ∼2-T field. The solenoidal magnetic field confines low-energy electromagnetic background (e + e − pairs) generated in the target to within a small radius of the photon beamline. Inside the bore of the solenoid, the incident photons interact in a 30-cm-long liquid-hydrogen target that is located 65 cm from the upstream end of the solenoid. The target is surrounded by a scintillator-based start counter (ST) that records the time of charged particles [16] and a central drift chamber (CDC) that contains 28 layers of 1.5-m-long 1.6-cm-diameter straws arranged in axial and stereo orientations [17] . Downstream of the CDC and at forward angles are four planar packages of forward drift chambers [18, 19] . Charged particle tracks are reconstructed with momentum resolution between 1% and 7%, depending on their angle and momentum. The drift chambers also provide energy-loss information which allows for π -p separation up to about 1 GeV/c momentum. A lead-scintillating-fiber barrel calorimeter encompasses all the drift chambers and measures the position, energy, and time of all incident particles [20] . Downstream past the solenoid is a scintillator-based time-offlight (TOF) wall that measures the arrival time of charged particles. A forward calorimeter is located downstream of the TOF wall and measures the energy, position, and time of particles in a 2800-element array of lead-glass blocks [21] .
The data for this Rapid Communication were reconstructed in two exclusive final states: γ p → pγ γ for the η decaying to γ γ and γ p → pπ + π − γ γ for the η decaying to ηπ + π − . The final states were selected by choosing events with an associated topology: one positively charged track and two photons for η, two positively, and one negatively charged track together with two photons for the η . Protons are identified using momentum and energy-loss information from the drift chambers in the central region and through time of flight in the forward direction.
Initial event selection requires a primary event vertex inside the GlueX target, no photons near the edges of the calorimeters where shower reconstruction is incomplete and proton momentum above 250 MeV/c (to ensure that it can be consistently detected in the drift chambers). The time of the primary interaction is determined by hits in the ST matched to the recoil proton track and is used to specify which beam bunch of electrons is associated with the event as the accelerator delivers one bunch of electrons every 4 ns. Photons associated with the primary interaction are selected using the difference between the bunch's time (provided by the accelerator) and the tagged photon's time t = |t photon − t bunch | < 2 ns. A separate sample of events with 6 < | t| < 18 ns, corresponding to six out-of-time beam bunches (three early and three late), is also selected to account for photons accidentally associated with the primary interaction.
To ensure reaction channel exclusivity, a condition is placed on the square of the missing mass of the event, defined as MM 2 = |p in − p fin | 2 , where p in is the sum of the initial state four-momentum vectors (beam photon and target proton) and p fin is the sum of the final-state four-momentum vectors (p and two γ 's for η, and p, π + , π − , and two γ 's for η ). The missing mass squared is required to be consistent with zero |MM 2 | 0.05 (GeV/c 2 ) 2 , which reduces contributions from massive particles not detected in the event. As an additional condition of exclusivity, both channels excluded events containing extra photons that did not appear to be part of the reconstructed event.
Next, kinematic fitting is performed on the two exclusive final states. In the case of the η, a four-constraint fit requiring energy and momentum conservation is performed assuming γ p → pγ γ . In the case of the η , an eight-parameter fit is performed for the hypothesis γ p → pπ + π − (η → γ γ ), applying energy and momentum conservation and constraining the event vertex and mass of the η. Selection cuts are placed on the resulting χ 2 from the fits to isolate the desired final states. The cut values are the result of detailed studies of the two reactions to optimize signal to background in each channel. Finally, the energy of the beam photon must be in the coherent peak. Detailed Monte Carlo (MC) studies of nonexclusive η and η production processes limit the level of peaking background satisfying all the event selection criteria to less than one part in a thousand.
The same analysis is performed on the out-of-time event sample, and the resulting out-of-time signal is subtracted (with a weight of 1 6 ) from the in-time signal. The resulting mass spectra for η and η candidates are shown in Fig. 2 . Pronounced particle peaks are observed at the expected η and η masses, both on top of a small amount of background, described in more detail below. The final event sample is selected by choosing the events between the two vertical lines surrounding the η and η mass peaks. The treatment of the background contribution to the measured beam asymmetry is discussed later.
Using these selection criteria, the yields of η and η are shown as a function of the momentum transfer −t in Fig. 3 . The diminishing yield approaching −t = 0.1 GeV 2 mainly arises from the 250 MeV/c cut on the momentum of the recoil proton. The evaluation of the acceptance is based on a Regge model describing the underlying physics in terms of t-channel meson exchange and is found to give a reasonable description of the data. MC simulations are performed and compared with data to determine the detector acceptance as a function of the momentum transfer −t (see Fig. 3 ). Other than the fall-off at −t near zero, the acceptance is approximately flat, demonstrating that it does not introduce any significant distortion to the yield distributions.
The analyses are reported in more detail elsewhere [22, 23] , whereas their key steps are summarized herein. For the photoproduction of pseudoscalar mesons with a linearly polarized photon beam and an unpolarized target, the polarized crosssection σ pol is related to the beam asymmetry through Eq. (2),
where σ 0 is the unpolarized cross section, P γ is the magnitude of the photon beam polarization, φ is the azimuthal angle of 052201-3 the production plane, and φ γ is the azimuthal angle of the photon beam's linear polarization plane determined by the orientation of the diamond radiator. In general, the azimuthal (φ) distribution of the event yield is given by (4) where A(φ) is an arbitrary function for the φ-dependent detector acceptance and efficiency and N ⊥( ) is the flux of photons in two orthogonal orientations.
The GlueX detector is designed to be symmetric in φ and, thus, have a uniform acceptance and efficiency, but here, we consider the general case of an arbitrary φ-dependent detector acceptance and define the method for extracting that cancels this detector acceptance. We choose the diamond radiator orientation such that we have two sets of orthogonally polarized data, which causes the detector acceptance effects to cancel when forming the yield asymmetry as in Eq. (5),
In this equation, we introduce the phase offset φ 0 which accounts for slight misalignment in the orientation of the The flux normalization ratio F R = N ⊥ N is the ratio of the integrated photon flux for the two orthogonal orientations of the photon polarization. For the 0/90 set, F R = 1.038 ± 0.052, whereas for the −45/45 set, F R = 0.995 ± 0.050. The yield asymmetry is formed for the η and η in bins of −t, and is extracted in each bin through fits of Eq. (5) to the asymmetry data, where is the only free parameter. Figure 4(a) shows the yields Y ⊥ and Y for the η events (integrated over all values of −t) as a function of the angle φ. The oscillations of the two polarization orientations are 90 • out of phase. Figure 4(b) shows the yield asymmetry given by Eq. (5) and the resulting fit to the data.
In order to correct for possible asymmetries from background events under the η and η events, the same asymmetry analysis is carried out for background events in the side-band regions as shown in Fig. 2 . The side-band asymmetry SB and the dilution factor f (the fractional background under the peak) are extracted. The corrected beam asymmetry COR is then given by Eq. (6),
where peak is the asymmetry measured in the peak region. This correction shifts the asymmetry values by a few Fits to the invariant mass spectra (Fig. 2) are carried out to extract f for each bin of −t. SB is estimated from a fit of Eq. (5) to the yield asymmetry in the side-band region data. The binning in −t is optimized so that each bin contains an approximately equal number of events; the higher statistics η channel allows finer binning than the η channel. Since the background under the η peak is almost entirely due to ω → π 0 γ events with a missing photon [13] [as shown in Fig. 2(a) ], the asymmetry for background events under the η peak is assumed to be identical to the asymmetry of events in the ω peak. Therefore, the sideband region chosen to determine the η background asymmetry 0.72 < M 2γ < 0.84 GeV/c 2 encompasses the ω peak. A systematic uncertainty on η , associated with the SB correction, is assigned to each −t bin and is between 0.2 and 0.4%. The background under the η peak comes from multiple higher-lying channels, and the measured asymmetry in the side-band region is mass dependent. Thus, the assumption that the asymmetry in a mass side-band region is the same as the asymmetry of the background events under the peak may not be completely valid. However, due to low statistics at high −t, a wide mass range is used for the side-band region 1.0 < M π + π − η < 1.2 GeV/c 2 . With this wide range, mass-dependent effects to the asymmetry are encapsulated in a systematic uncertainty on η for each −t bin between 0.6 and 1.6%. The measured beam asymmetries contain additional sources of systematic uncertainties that are estimated for each of the reported −t bins and are tabulated in Table I . When the uncertainty varies between −t bins, a range is reported. The largest of these systematic uncertainties is associated with the event selection and is found by evaluating the asymmetries in each −t bin under varied selection criteria. The errors on the flux normalization ratios F R manifest as systematic uncertainties on the η and η asymmetries, and, finally, there is an uncertainty associated with the phase offset φ 0 . None of these systematic uncertainties are correlated, so they are added in quadrature to give the total systematic uncertainty. In addition to the systematic uncertainties in the analysis, there is a 2.1% relative uncertainty associated with the photon beam polarization that would result in an overall shift in the measured beam asymmetries. We do not combine this with the other uncertainties.
The final photon beam asymmetry results are the weighted averages of the two independent polarization datasets plotted as functions of −t. The results for η are shown in Fig. 5 where they are compared to earlier GlueX data [13] as well as several theoretical predictions (values can be found in Supplemental Material [24] ). For values of −t below 0.6 (GeV/c) 2 , the Laget [25, 26] , JPAC [3] , and EtaMAID [27] models describe the data. For −t larger than 0.6 (GeV/c) 2 , the Laget [13] are shown along with predictions from several Regge theory calculations: Laget [25, 26] , JPAC [3] , EtaMAID [27] , and Goldstein [28] . The 2.1% relative uncertainty is due largely to the polarization measurement. and JPAC models appear to overestimate η , whereas the EtaMAID is in better agreement with the data which suggests that the beam asymmetry may be decreasing with increasing −t. The older model by Goldstein and Owens [28] predicts a lower value of η than is observed as well as a significant structure, which is not observed. In terms of the models, values of η near one indicate the reaction is dominated by natural parity exchange mechanisms, whereas values below one suggest a contribution from unnatural parity exchange as well.
The photon beam asymmetry η is shown as a function of −t in Fig. 6 (values can be found in Supplemental Material [24] ). The results are systematically smaller than one, averaging at around 0.9 over all values of −t. This indicates that, although the production of η is dominated by natural parity exchanges, there must be some unnatural parity exchange contributions as well. The only theoretical prediction, from JPAC [4] , is consistent with these results but appears to be systematically high.
In addition to η , the JPAC model [4] also predicts the ratio of the beam asymmetries, η / η . We show this ratio in Fig. 7 along with the JPAC prediction (values can be found in Supplemental Material [24] ). Because of strong correlations between systematic uncertainties in the two channels, we estimate the systematic on the ratio as the uncorrelated part of the η systematic uncertainty. In the JPAC model, a deviation of the ratio from one or even a slope in the distribution suggests that ss exchanges (φ and h 1 ) are important in the production. As the measured ratio is consistent with unity, the reactions proceed predominantly through ρ and ω vector meson exchange. At this time, however, our data are not sensitive enough to be able to draw more detailed conclusions. We have measured the photon beam asymmetry for both η and η photoproduction in the GlueX experiment using an 8.2-8.8 GeV linearly polarized tagged photon beam. These measurements were made as a function of momentum transfer −t and, in the case of the η, are of significantly greater precision than our earlier η measurements [13] . For the η , these represent the first measurements of η in this energy range. The beam asymmetries and their ratio are compared to theoretical predictions based on t-channel quasiparticle exchange. The data show that the asymmetries and ratio are close to unity, which implies that the reactions proceed primarily through ρ and ω vector meson exchange. 
